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Abstract— In this review paper, research progress on 
implantable antennas for wireless biomedical devices is 
discussed and summarized. An implantable antenna is a 
key component for radio frequency linked telemetry as 
many challenges arise. An implantable antenna needs to 
meet requirements such as compact size, operating 
bandwidth, sufficient radiation efficiency, and patient 
safety. The purpose of this paper is to give an overview of 
the current progress and achievements and address the 
challenges for implantable antenna design. Firstly, the 
overview of the requirements related to the implantable 
antenna design is provided. Then simulation and test 
methods for implantable antenna design are examined. 
Different antenna types, operating frequency bands and 
design environments are reviewed. Finally recent research 
topicss on implantable antennas are introduced. 


Index Terms—Implantable antenna, miniaturized 
antenna, small antenna, biomedical application, 
biomedical telemetry, capsule antenna, wireless data 
telemetry, far-field wireless power transfer. 


I. INTRODUCTION 


With the rapid development of wireless technologies, 
wireless communication is making inroads into every aspect 
of human life. Body-centric wireless communications systems 
(BWCS) are becoming a focal point for future 
communications [1]. Body-centric wireless communication 
consists of on-body, off-body and in-body communications, 
as shown in Fig. 1. On-body communication means 
communication between on-body/wearable devices. Off-body 
communication can be defined as communication from off- 
body to an on-body device. In-body can be clarified as 
communication to an implantable device or sensor. Among 
these, antennas and propagation are the most basic points for 
BWCS. Unlike the wearable antennas for on-body or off-body 
communications, implantable antennas for  in-body 
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Fig. 1. Descriptions of body-centric wireless communications. 


communication have more challenges due to the poor and 
complex in-body working environment. 


Implantable medical devices (IMDs) have the capability to 
communicate wirelessly with an external device. These IMDs 
are receiving great attention for obtaining both real time and 
stored physiological data in biomedical telemetry [1]-[58]. 
Typically, inductive link and radio-frequency (RF) link are the 
two kinds of link for biomedical communications. An 
inductive link is a short-range communication channel 
requiring a coil antenna of the external device to be in close 
proximity to the IMD. On the other hand, communications via 
far-field RF telemetry have advantages, such as achieving 
longer distances and higher data rates. In this connection, 
research is oriented towards RF-linked implantable medical 
devices [3]-[54]. 


In this paper, researches on implantable antennas for 
wireless biomedical devices are reviewed and summarized. 
The paper is organized as follows. In Section II, the 
requirements related to implantable antenna design are briefly 
reviewed. Design concepts and techniques are presented to 
satisfy these requirements. Section III presents the typical 
numerical simulation and in-vitro/in-vivo test methods for 
implantable antenna design. Section IV discusses recent 
research interests on implantable antenna design. Finally, 
concluding remarks are given. 
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MATERIALS FOR IMPLANTABLE ANTENNA DESIGN 
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II. REQUIREMENTS RELATED TO THE IMPLANTABLE ANTENNA 
DESIGN 


Unlike traditional antennas that operated in free space, 
implantable antennas should consider many kinds of 
requirements as implantable antennas are placed in human 
bodies. These requirements include miniaturization, patient 
safety, communication ability, biocompatibility, power 
consumption and lifetime of the implantable circuits. The 
detailed requirements are as follows. 


A. Miniaturization 


Miniaturization is one of the basic and key requirements for 
biomedical devices. Thanks to the development of integrated 
systems, integrated implantable circuits can be designed using 
CMOS technology and the integrated chip is very small and 
very suitable for biomedical devices. Implantable antennas 
will occupy much space of biomedical devices as implantable 
devices operate at very low frequency, typically at medical 
implant communications service (MICS) band (402-405 
MHz) or medical device radio communications service band 
(MedRadio, 401MHz — 406MHz). In this condition, 
miniaturization for implantable antenna design is very crucial 
and is becoming one of the greatest challenges in the 
implantable antenna design. Miniaturized techniques can be 
summarized as below: 


1). High-permittivity dielectric substrate/superstrate: the 
use of high-permittivity dielectric substrate/superstrate is the 
easiest way to reduce the dimensions of implantable antennas. 
High-permittivity could shorten the effective wavelength and 
thus causing the resonant frequency shifts to lower frequency. 
Table I lists related materials for implantable antenna design. 
As can be seen in Table I, Rogers RO3210/RO3010/6002 is 
widely utilized for implantable antenna design. The relative 
dielectric constant of Rogers RO3210/RO3010/6002 is 10.2. 
In order to further reduce the size of implantable antennas, 
some research groups used much higher permittivity substrate 
to design implantable antennas. In [22], MgTaisNbo.sOo 
(€,=28) is utilized for significant size reduction. Table I lists 
materials that reported in the open literature. 


2). Use of planar inverted-F antenna structure: Two types 
of low-profile antennas, i.e., a spiral microstrip antenna and a 
planar inverted-F antenna (PIFA), were designed and 
discussed [10]. Fig. 2 shows four kinds of antenna types 
reported in the literature for implantable antenna design. As 
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Fig. 2. Different kinds of antenna types for implantable antenna design 
as reported in the literature. 


AZ axis : 
32 mm i Feed 







á 





! 


` ' ° s 1 7 
Radiator Grounding Radiator Groundin; 
Pin , 
€=10.2 Y 


Pin , 
! 
! 
() | 


Fig. 3 Two spiral PIFA structures designed for the implantable device 
[10]. 
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the resonant length of microstrip patch antenna is half- 
wavelength, while the resonant length of PIFA is quarter- 
wavelength. Thus, a PIFA is a better type to reduce the 
antenna size compared with a microstrip antenna. In this 
condition, PIFAs have been studied by many research groups, 
as shown in Table II. Table II shows the performance 
comparisons for implantable antennas in literature. It can be 
seen that the PIFA structure is a common antenna type for 
implantable antenna design. 


As for the PIFA, two types of PIFAs were designed and 
studied to understand which one is a better shape to design an 
implantable antenna [11]. With the identical physical length, 
the spiral antenna has a lower resonant frequency and higher 
radiation efficiency than the meandered antenna [11]. In other 
words, if all four antennas in Fig. 2 operate at the same 
resonant frequency, the antenna size from small to large can 
be with sequency from a spiral PIFA, a meandered PIFA, a 
PIFA to a patch antenna. 
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Fig. 4. Dual-band implantable PIFA with two spiral arms [29]. 
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Fig. 5.Hybrid patch/slot implantable antenna with meandered slots on the 
ground to length the current path [35]. 


3). Lengthening the current path of the radiator: Besides 
the high relative dielectric constant of materials and PIFA 
type, using meandered/spiraled line/slot is another effective 
way to gain size reduction. With the longer current path of the 
radiator, the resonant frequency of the antenna can shift to a 
lower resonant frequency, and thus resulting in size reduction. 
Two kinds of PIFAs with meandered line and spiraled line are 
shown in Fig. 2. Fig. 3 shows two spiral PIFA structures 
designed for implantable devices [10]. Fig. 4 shows the dual- 
band implantable PIFA with two spiral arms reported in [29]. 
In [35], size reduction was caused by the meandered slot and 
open slots on the ground to lengthth the current path, as shown 
in Fig. 5. 

From Table II, we can see that this method was widely used 
by many research groups to design miniaturized implantable 
antennas. In order to further reduce the dimensions of 
implantable antennas, stacking the radiator is a good solution 
to lengthen the current path, as reported in [14], [19]. 


4). Loading technique for impedance matching: Unlike 
previous miniaturized techniques, the loading method can be 
used to improve the impedance matching. Typically, inductive 
loading or capacitive loading can be utilized to offset the 
imaginary part of the impedance, thus to obtain good 
impedance matching at desired frequency band. In [31] and 
[32], inductive loading is utilized to miniaturize antenna size. 
In [41], capacitive loading leads an antenna size reduction of 
about 72% by using the proposed design in place of the regular 
implantable CP microstrip patch design at a fixed operating 





Fig. 6. Capacitively loaded microstrip patch antenna with circular 
polarization [41]. 


frequency, as shown in Fig. 6. In addition to 
inductive/capacitive loading, split ring resonator (SRR) 
loading is another type of loading for impedance matching and 
size reduction. In [23], an SRR and a spiral are both short- 
circuited to the ground plane to allow size reduction. 


5). Higher operating frequency: Various frequency bands 
are approved for medical implants. These bands include 
Medical Device Radio Communication Service (MedRadio, 
401-406 MHz) [10]-[23], [27], [29]-[37], and Industrial, 
Scientific, and Medical (ISM, 433-434.8 MHz [25], 902-928 
MHz [25], 2.4-2.48 GHz [10], [15], [23], [26]-[27] and 5.725- 
5.875 GHz). The formerly known MICS band (402-405 MHz) 
is most commonly used for medical implant communications. 
Other frequency bands have also been suggested for 
implantable device biotelemetry. An impulse radio ultra- 
wideband (IR-UWB) pulse operating at a center frequency of 
4 GHz and a bandwidth of 1 GHz was chosen in [28] as the 
excitation to the implantable antenna. In [51] and [54], the 
capsule antenna and implantable antenna were designed at 
wireless medical telemetry services (WMTS) band (1395- 
1400 MHz). 


Higher operating frequency will have shorter wavelength 
thus the antenna at higher frequency can be designed with 
small volume. Also, higher operating frequency with possible 
wide bandwidth is more suitable for high data-rate 
communication. However, higher operating frequency will 
cause larger biological tissue loss in human body and path loss 
in free space. In practice, many factors such as device 
dimensions, operation frequency and transmit distance should 
be considered within the overall framework of device 
requirements. 


B. Safety considerations 


1). Specific absorption rate (SAR): SAR values are limited 
to preserve patient safety. Two standards are referenced at this 
point. The IEEE C95.1-1999 standard restricts the SAR 
averaged over any | g of tissue in the shape of a cube (1-g 
average SAR) to less than 1.6 W/kg [57]. The IEEE C95.1- 
2005 standard restricts the SAR averaged over any 10 g of 
tissue in the shape of a cube (10-g average SAR) to less than 
2 W/kg [58]. Typically, SAR should not be a big concern as 
the output power of the transmitter is very low, in order to 
maintain the lifetime of the implantable devices. In [38], SAR 
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TABLE I 
PERFORMANCE COMPARISONS OF DIFFERENT ANTENNAS 


Measured Miniaturization 
References Journal Antenna Type} Operating frequency, Dimensions(mm*) Simulation model 
Bandwidth method 


| 2005TAP | Dipole | | L4GHz | 6x6xl5 | Eo ee ee Eye model 
D Reece TMTT a aa ia MHz/2.4GHz| 32x24x4 PIFA One-layer skin 


[11] 2004 TMTT PIFA 402 MHz 26.6x19.6x6 — ae 2/3 human muscle 


[12] 2005 TAP PIFA 402 MHz 28x24x6 4.98% Genetic algorithm 2/3 human muscle 
[13] 2008 EL PIFA 402 MHz 22.5xX22.5x1.27 19.9% Double L-strips PIFA = One-layer skin 
[14] 2007 EL PIFA 402 MHz | Xxx 9 12. | 12.4% | Stacked PIFA One-layer skin 


One-layer skin / 


ae 3%! 
[15] 2008 TMTT PIFA 402 MHz/2.4 GHz 22.5X22.5x2.5 Meandered PIFA 
O 


[19] 2009 MOTL PIFA 402 MHz 8x8x1.9 30.3% Stacked PIFA 


three-layer tissues 


One-layer skin 


[22] 2010 AWPL 402 MHz 18x16x1 —— 5% One-layer skin 
[23] 2010 MAP | 402 MHz/2.4 GHz, MHz/2.4 GHz | 15x15x3.81 81 | Split ring resonator | Split ring resonator resonator One-layer skin 


Mishkan MHz/ 433 pee ne 7%16.5%! One-layer skin/ 
[25] 2012 TAP PIFA 1x6°x1.8 Meandered PIFA 
868 MHz/ 915 MHz 4.4%/4.4% 3-layer head/3D head 


[26] | 2009 TAP | TAP | Cavity slot | slot 2.4 | 24GĦz 1 | 1.6x2.8x4 8x4 27.3% H-shaped slot 2/3 human muscle 
[27] a TAP ECAR a MHz/2.4 GHz| 8x13.1x5.2 Se Multi-layer PIFA body phantom 
[28] 2013 TMTT UWB 4 GHz 23.7x9x1.27 a a es, adult brain 


One-layer skin 


[29] 2012 AWPL PIFA 402 MHz/2.4 GHz| 16.5x16.5x2.54 13%/4.4% Spiral PIFA 
[30] 2012 AWPL PIFA 402 MHz/2.4 GHz| 19x19.4x1.27 52.6/4.4% | PIFA, open-end slots 
[31] 2014 AWPL 402 MHz/2.4 GHz| 10x10x0.675 47.5%/31.6% | Inductive loading 


Inductive 
[32] 2015 AWPL 402 MHz 16.5x15.7x1.27 37.8% 
loop loading 


One-layer skin 


One-layer skin 


Dipole One-layer skin 


[33] 2012 TAP 402 MHz/542 MHz| 27x14x1.27 7.9%16.4% Spiral arm One-layer skin 
One-layer skin/ 
[34] 2014 TAP PIFA 402 MHz/2.4 GHz| 13.5x15.8x0.635 ef PIFA 
human body 
[35] 2012 AWPL 402 MHz 10x16x1.27 22.8% Meandered slot One-layer skin 
[36] 2013 EL Slot 402 MHz 10x11x1.27 28.3% Meandered slot One-layer skin 


[37] 2015 AWPL PIFA 402 MHz 12.5x12.5x1.27 7.26% Meandered PIFA Three-layer tissues 


TAP: IEEE Transactions on Antennas and Propagation 
EL: IET Electronics Letters 
AWPL: IEEE Antennas and Wireless Propagation Letters 


distributions were studied by CST simulator with Gustav 
voxel human body model, as shown in Fig. 7. 


2). Specific absorption (SA): The SA per pulse, which is being 


used to introduce additional limitations for pulsed 
transmissions, can be calculated as follow: 
SA = SARXT, (1) 


where T, is the pulse duration. In [28], SA was analyzed to 
compare the compliance of the transmitting device with 
international safety regulations. 


3). Focalized temperature limit: A temperature increase of 
body tissues can be caused by the absorbed power from an 
electromagnetic field. It is very important that the temperature 
of the tissue surrounding the implanted device does not 
increase more than 1-2 C. 


Temperature variation was analyzed in [28] for a signal 
with peak spectral power. In [38], focalized temperature was 
studied to determine the transmit power for far-field wireless 
power transmission, as shown in Fig.7 (c). 


TMTT: IEEE Transactions on Microwave Theory and Techniques 
MOTL: Microwave and Optical Technology Letters 
MAP: IET Microwaves, Antennas & Propagation 


4). Effective isotropic radiated power (EIRP) or ERP: The 
maximum EIRP or ERP was limited to avoid damages to 
neighboring radio devices and human bodies. In this condition, 
evaluating either EIRP or ERP is very important in comparing 
the radiation from a transmitting antenna against the 
regulatory limits. For instance, if an implantable antenna is 
utilized as a transmitting antenna for wireless data telemetry, 
the input power level of the implantable antenna should be 
limited for safety consideration. If an implantable antenna is 
used as a receiving antenna for wireless power transfer, the 
input power level of the external transmitting antenna should 
be limited in order to satisfy the regulatory limits. 


In [10], the delivered input power of internal dipole antenna 
was determined with maximum ERP. As reported in [50], 
ERP can be evaluated from |S»1I, as IS2;’’=P,/P;, where P, is 
the input power at the transmitting port, and P, is the power 
received by receiving antenna. In [38], EIRP was analyzed to 
limit the maximum transmitting power and the maximum 
permissible exposure (MPE) was limited based on EIRP. The 
power flux density at the distance d should satisfy the 
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Fig. 7. Wireless power link simulation by CST with Gustav voxel 
human body model [38]; (a) wireless power link model; (b) 1-g/10-g SAR 
distributions; (c) temperature variation. 


corresponding FCC standard for uncontrolled exposure to an 
intentional radiator. 


C. Wireless communication ability 


Typically, implantable antennas act as transmitting 
antennas and exterior antennas act as receiving antennas. And 
this transmission is defined as up-link transmission [25], as 
described in Fig. 8. Assuming far-field wireless 
communication, the link power budget can be described in 
terms of [26]: 


Link margin (dB) = Link C/No-Required C/No 
= P,+G-LG,-No 
- E/No-10l0g108,+ G.-Ga (2) 


where P, is the transmitting power, G, is the transmitting 
antenna gain, ly is the path loss (free-space), G, is the 
receiving antenna gain, and No is the noise power density. 

According to the free-space reduction in signal strength 
with distance between the transmitter and receiver, the path 
loss can be calculated as: 


| Receiver/ 
| Transmitter 


Ee SR ap PSE 


Implantable medical device > (IMD) 


i= 
y a = Receiver/ | 
! Transmitter 


External device (ED) 





Fig. 8. Wireless communication link between implantable medical 
device and external device. 


Ly (dB) = 20log (42d/i) (3) 
where d is the distance between Tx and Rx. 


Considering the impedance mismatch loss, 
Limp (dB) = -10log (1-|r|*) (4) 


where r is the appropriate reflection coefficient. Both the 
impedance mismatch loss of the transmitting antenna and 
receiving antenna should be considered for accurate 
evaluation. 


In order to make the wireless communication possible, the 
link C/No should exceed required C/No. In the up-link 
transmission, the allowed input power of the transmitting 
antenna is limited by safety considerations, as discussed in 
Section II. B. 


The received power by the Rx, can be calculated in terms 
of: 


P,=P+G+G,-Lf-Limp-€p (5) 
where é, is the polarization mismatch loss between Tx and Rx. 


Formula (5) can also be described as follows: 


-OCh q- 
(4rd) 

In practice, the received power value given by Friis formula 
(6) can be interpreted as the maximum possible received 
power, as there exist lots of factors that can serve to reduce the 
received power in an actual radio system. In this case, IS21l 
values can be used to calculate the received power as 
ISoiP=P,/P, [38], [50]. 


IS, d-|S,[e,xP (6) 


D. Biocompatibility issue 


Implantable devices must be biocompatible for long-term 
operation in order to preserve patient safety. However, most 
of materials listed in Table I are not biocompatible materials. 
There are two typical approaches to address the 
biocompatibility issue for practical applications, as shown in 
Fig. 9. One is to design antennas directly on biocompatible 
materials such as Macor, Teflon, and Ceramic Alumina [11]; 
the other one is to encase the implantable antenna with a thin 
layer of low-loss biocompatible coating [17]. For the first 
approach, it is easy to design implantable antennas when 
biocompatible materials are considered at first. The other one 
is to encase the proposed implantable antenna with a thin layer 
of low-loss biocompatible coating. Note that the thickness of 
encased biocompatible material may affect the antenna 
performance and encased biocompatible material should be 
taken into consideration for practical antenna designs [7]. 
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Fig. 9. Two approaches to address the biocompatibility issue for 


practical applications; (a) antenna with biocompatible material; (b) antenna 
with encased biocompatible material. 


II. IMPLANTABLE ANTENNA DESIGN AND MEASUREMENT 


A. Antenna design 


For implantable antenna design, commercial simulation 
software such as High Frequency Structure Simulator 
(HFSS), CST Microwave Suite, XFDTD and so on can be 
utilized for simulation, as the surrounding environment of 
implantable antennas are very complicated. In [10], 
spherical dyadic Green’s function (DGF) expansions and 
finite-difference time-domain (FDTD) code are applied to 
analyze the electromagnetic characteristics of implantable 
antennas inside the human head and body. In [12], the 
implantable antenna is simulated with FDTD and the design 
is improved using a genetic algorithm. 


In order to make simulation more efficient, one-layer skin 
model is widely used for implantable antenna design. 
Besides one-layer skin model, three-layer tissue (skin, fat, 
muscle) model and 2/3 muscle model are also typical 
biological tissue models for implantable antenna design. Fig. 
10 shows the simplified planar simulation models for the 
implantable antenna design including three-layer tissue 
model and one-layer skin model [10]. Fig. 11 shows the 
cubic muscle model for capsule antenna design [43].These 
three simple models not only make the simulation more 
efficient but also make the measurement easier, as these 
models can be made by mixed materials to meet the accurate 
permittivity and conductivity at required frequencies. 
Meanwhile, measured results in the mixed phantom can be 
compared with simulated ones with the same model thus to 
evaluate the design concept. Table II shows that these 
simplified models are widely used for implantable antennas, 
because of their acceptable accuracy and high calculation 
efficiency. 


In order to study the design in realistic environment, 
implantable antennas can be evaluated within accurate 
human body models, such as Gustav voxel human body 














Designed antennas 


(a) (b) 
Fig. 10. Simplified planar geometries for the implantable design [10]; 
(a) three-layer tissue; (b) one-layer skin. 
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Fig. 11. Numerical calculation model using muscle phantom. [43]. 





Fig. 12. Three-dimensional Voxel Gustav human body used for 
capsule antenna design [43]. 


model, as shown in Fig. 12. In fact, as for particular 
biomedical applications, implant positions and depth could 
be different. In this condition, simplified one-layer skin or 
three-layer tissue model may have low accuracy for antenna 
design. Accurate human body model is very needed for 
specific applications, such as wireless endoscope systems 
and neural recording systems. 


B. Antenna measurement 


1). In-vitro measurement: In general, one-layer phantom 
is initially utilized to design implantable antennas. And the 
implantable antennas were in-vitro measured in the one- 
layer liquid/solid phantom to be compared with the 
simulated results to evaluate the design concept. Fig. 13 
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Fig. 13. Reflection coefficient measurement setup for implantable 
antennas using tissue-simulating fluid [10]. 
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Fig. 14. Reflection coefficient and communication link measurement 
setup for implantable antennas using tissue-simulating fluid [41]. 


shows the reflection coefficient measurement setup for 
implantable antennas using tissue-simulating fluid [10]. Fig. 
14 describes the reflection coefficient and communication 
link measurement setup using liquid tissue phantom. In-vitro 
measurement is very easy to implement. Meanwhile, 
reflection coefficient, path loss, communication link, 
polarization factor, et al, can all be measured in vitro, as 
reported in the literature. 


2). In-vivo measurement: The one-layer phantom model is 
not a realistic multi-layer tissue environment as the electric 
properties of the live tissues depend on frequency, 
temperature, age, size, sex of the subject, etc. In this condition, 
in-vivo testing is desired to investigate the effects of the live 
tissues on the antenna performance [44]-[48]. In [17], a dual- 
band implantable antenna operating in MICS and ISM (2.4- 
2.48 GHz) bands was tested in vivo. A wireless completely 
implantable device in [44] operating at the ISM band of 2.4 
GHz was developed and tested. In-vitro and in-vivo 
evaluations were described to demonstrate the feasibility of 





Fig. 15. Surgical implantation of the implantable antennas into the rat 
[47]. 


microwave pressure monitoring through scalp. In [45], two 
implantable antennas were tested inside three different rats. 
And inter-subject and surgical procedure variations were 
found to quite affect the exhibited reflection coefficient 
frequency response. Besides the in-vivo testing in rats, an 
implant biocompatible capsule device in [46] was implanted 
in a pig for an in vivo experiment of temperature monitoring. 
In [47], two types of circularly polarized implantable antennas 
were tested under the rat muscle phantom [47], as shown in 
Fig. 15. 


IV. RECENT RESEARCH TOPICS FOR IMPLANTABLE 
ANTENNA DESIGN 


A. Dual-band operation 


The motivation of designing a dual-band implantable 
antenna is to switch between sleep and wake-up modes, 
thereby conserving energy and extending the lifetime of the 
implanted devices [15]. The MICS (402—405 MHz) band is 
the most commonly used for medical implant 
communications. The dual-band implantable system is 
typically operating in the sleep mode at the ISM (2.4—2.48 
GHz) band and will not transmit data wirelessly at the MICS 
band until it receives a wake-up signal in the ISM band. In 
this condition, different kinds of dual-band implantable 
antennas were designed to extend the lifetime of the 
implanted devices [10], [15], [23], [27], [29]-[31], [34]. 


B. Differentially Feed Implantable Antennas 


A differentially-fed dual-band implantable antenna can be 
connected more easily with differential circuitries that can 
eliminate the loss introduced by balun and matching circuits 
[33]-[34]. In [33], a differentially feed implantable antenna 
operated at two near bands (MICS band and 433MHz ISM 
band). The size of the differentially feed implantable antenna 
is a little large. A small-size differentially feed implantable 
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antenna was designed for the MICS band and the 2.4 GHz 
ISM band [34]. 


C. Circularly Polarized Implantable Antennas 


It is known to us that communications via far-field RF- 
linked telemetry can be hindered by the effects of multi-path 
distortion. Also, a patient may be moving around during 
telemetry sessions; such nulls of polarization mismatching 
may be transient and of short duration if the both transmit and 
receive antennas are designed with linear polarization. In this 
condition, an implantable antenna with circular polarization is 
desired [41]-[43], [51], [54]. 


D. Implantable Antennas for Wireless Power Transfer 


Typically, if the battery is very low to maintain its operation, 
we should do surgery to replace the battery of implantable 
devices, such as pacemakers. In this connection, wireless 
power transfer is very demanded for biomedical devices to 
charge the battery of the implantable devices with no surgery. 
Typically, implantable antennas were designed for wireless 
data telemetry. An implantable antenna is also a key 
component of a rectenna for near-field/middle-field/far-field 
wireless power transfer. Implantable antennas were studied 
for wireless power transfer in [38] and [40]. 


E. Integrated Implantable Antennas for Wireless Data 
Telemetry and Wireless Power Transfer 


As for some specific applications where implantable 
devices should be implanted in eyes or a human head, 
traditional implantable antennas are not small enough to be 
embedded into the specific phantoms. Therefore, CMOS 
technology is employed to further reduce the antenna size and 
achieve high integration of the whole implantable systems 
including implantable antenna and RF circuits on the same 
chip. Two separate antennas for wireless data communication 
and power transfer were integrated together to reduce the 
antenna size [39]. A triple-band implantable antenna was 
designed in [40] with data telemetry (402MHz), wireless 
power transmission (433 MHz), and wake-up controller (2.45 
GHz). 


F. Capsule Antennas for Wireless Endoscope Systems 


Compared with implantable antenna design, capsule 
antenna design is more challenging due to the changing 
properties of the digestive organs when the antenna is 
swallowed through the gastrointestinal (GI) tract. Different 
kinds of capsule antennas were designed to satisfy the needs 
of wireless endoscope systems, such as helical antenna [43], 
[54], dipole antenna [51], patch antenna [52], loop antenna 
[53] and coil antenna [55]. 


V.CONCLUSION 


In this paper, a review of implantable antennas for wireless 
biomedical devices has been presented. The overview of the 
requirements related to the implantable antenna design has 
been provided. Meanwhile, different kinds of miniaturized 
techniques and simulation and test methods for implantable 
antenna design have been studied; antenna types, operating 
frequency bands, safety considerations, design environments, 


and testing methods have been reviewed. Finally, recent 
research topics on implantable antennas have been introduced. 


In practice, many factors should be considered when 
implantable antennas are integrated with other biomedical 
circuits or sensors as other components may affect the 
performance of the implantable antennas. Also, low power 
consumption is a big concern in order to extend the lifetime of 
the implantable devices and maintain the safety considerations 
of patients. Antenna dimensions, radiation efficiency, battery 
life, communication distance, polarization and so on should be 
considered as a whole to design implantable devices. 
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